The northeast-India ophiolite complex is exposed in many parts of Nagaland and Manipur, with particularly well-preserved mantle-sequence peridotite present in its southern section in Manipur state. We present the results of an investigation into the petrology and constituent mineral chemistry of this peridotite, which is associated with the Indo-Myanmar ophiolite located between Tusom, Ukhrul District (Manipur) and Shomra village (Myanmar). Mineral compositions indicate that it is an abyssal peridotite that has undergone minimal partial melting (1-5%). Equilibration probably occurred in the upper mantle at a temperature of 1080-1240C, a pressure of 23-24 kbar, and an oxygen fugacity between 0.303 and 0.580 log units above the FMQ buffer. Primary and secondary sulphide phases in the studied peridotites have also been analysed. Pentlandite ((Fe,Ni) 9 S 8 ) was found to be the primary sulphide mineral, which occurred in association with orthopyroxene and awaruite (Ni 3 Fe). Cu-rich alloys and magnetite occur as secondary minerals that developed during later serpentinization.
THE compositions of phases in ophiolitic, mantle-derived ultramafic rocks depend upon the degree and pressuretemperature conditions of partial melting, and the effects of magma-rock interaction 1 . Mineral compositions in mantle peridotites are considered to be reliable petrogenetic indicators. Although a few studies of the ophiolitic mantle section of Ukhrul district (Manipur side) are available [2] [3] [4] , studies of its continuation onto the Myanmar side are lacking. In this study, we analysed primary silicate mineral phases within mantle rocks exposed between Tusom village, Manipur, and Shomra village, Myanmar, to elucidate their equilibrium conditions of formation and related intensive parameters. We also analysed metal sulphides and metallic alloys in the ultramafic rock and present an interpretation of the probable formation of these phases.
The Indo-Myanmar Ophiolite belt, approximately 200 km long, extends from Nagaland in the north to Manipur in the south. It is a NNE-SSW trending, westerly convex linear belt and is mostly restricted to the eastern section of Indo-Myanmar Range. The belt has an average width of ~15 km in its northern sector (Nagaland) but gradually narrows to a width of a few metres at its southern end (Manipur). The ophiolite belt consists of lensoid bodies interbedded with Disang flyschoids, which are highly tectonized and dismembered. Despite having undergone varying degrees of serpentinization, relict primary minerals are preserved in some rocks. A traverse map showing the study area is shown in Figure 1 . Majorelement compositions of mineral phases were determined by electron probe microanalysis (EPMA) using a Jeol JXA 8900 RL in wavelength dispersive mode. Silicate phases were analysed using an accelerating potential of 20 kV, a beam current of 12 nA, and a spot size of 2 m. Natural minerals and oxides (for Si, Ti, Al, Fe, Mg, Mn, Cr and Zn), and pure metal (for V, Co) were used as standards. The mineralogy of Fe-Ni-Cu sulphides -as well as their textural relationships with silicates and Cr-spinel -was studied in detail via examination of polished thin sections at various magnifications (100-and 500-times) using an optical microscope. Cu, Co, and Ni contents were analysed by comparison with pure metal standards, whereas S and Fe contents were analysed against a natural pyrite. Operating conditions for EPMA were 15 nA beam current, 20 kV accelerating voltage, 10 s counting times (10 s/peak, 10 s/background) for Ni and S, and 60 s counting times (60 s/peak; 60 s background) for Fe, Cu, and Co.
The samples studied are orthopyroxene-dominated peridotite (i.e. harzburgite), and we focused on units that contained relict primary minerals and sulphide mineralization. The proportion of secondary serpentine-mineral alteration in different protoliths ranged between 49% and 78%. The majority of the studied samples exhibited aphaneritic texture. Phenocrysts of orthopyroxene, clinopyroxene and -less frequently -olivine were surrounded by finer grains, which were mostly altered.
Olivine was typically medium-grained and highly fractured, and was commonly found to have been altered to serpentine. Unaltered, relic olivine was present in the matrix of fibrous serpentine in some of the studied samples (Figure 2 a) . After olivine, orthopyroxene was the next most abundant mineral, comprising 12-24% volume, and occurring mostly as coarse anhedral to subhedral grains. It frequently exhibited fine exsolution lamellae of clinopyroxene (Figure 2 b) . Grains with curved cleavages and undulatory extinction were interpreted to record clear evidence of post-crystallization tectonic disturbance (Figure 2 c) .
Alteration of orthopyroxene to bastite (a serpentine pseudomorph after pyroxene) was often observed. Bastite showed undulatory extinction, with a bronze/metallic lustre or schiller, and comprised 2-4% volume of the studied samples. Clinopyroxene was medium grained, anhedral to subhedral in shape, and comprised 3-8% volume. Spinel occurred as unaltered anhedral or amoeboidal crystals between grain boundaries of other minerals and comprised 1-7% volume.
Representative compositional data for all silicate minerals are given in Table 1 . Olivine exhibited forsterite contents of Fo 89.7-90. 3 . MnO varied from 0.11 to 0.21 wt%, and the CaO content was low (<0.04 wt%). NiO content showed only a minor variation (0.32-0.43 wt%). The olivine grains studied lie on the mantle array on both the NiO versus Fo and MnO versus Fo content plots ( Figure 3) . 8 , Ishii et al. 19 and boninite from Seo et al. 20 . The arrow, compatible with the fractional crystallization trend is from Constantin 21 . (Figure 3 c) shows that the studied orthopyroxene grains are characteristic of abyssal peridotites.
Clinopyroxene was found to be augite and had a CaO content that ranged from 20. Equilibrium pressure and temperature conditions under which the ultramafic rock formed provide information about the nature of evolution of the ophiolite mantle sequence. A single-clinopyroxene geobarometer 5 was used to calculate an equilibrium pressure, which showed a narrow range of 23-24 kbar, close to the garnet-lherzolite stability field. Two-pyroxene thermometry 6 was used to calculate an equilibrium temperature within the range 1080-1240C. Oxygen fugacity ( f O 2 ) is also important to understand mantle processes, and was calculated in this study using the calibration of Ballhaus et al. 7 . The samples studied were found to have crystallized at 0.303-0.580 log units above the FMQ buffer. Together, these pressure, temperature and oxygen fugacity equilibrium conditions suggest that these units equilibrated in the upper mantle.
Peridotites associated with oceanic crust provide important information on the processes of melt generation, fluid-phase enrichment, and mantle-melt interactions subsequent to melt extraction [8] [9] [10] . We have used the Cr# of spinel from peridotites to calculate that the samples experienced low degrees of partial melting (1-5%) 11 . The above-described samples were further studied to investigate their sulphide mineral contents. Sulphides were often concentrated in the vicinity of large orthopyroxene crystals, with pentlandite present along orthopyroxene cleavages and (occasionally) fractures ( Figure  2 d) . Pentlandite also occurred as irregular shaped discrete and disseminated grains and grain aggregates ranging from a few microns to millimetres in size, also in association with orthopyroxene. Composition of the pentlandite is given in Table 2 . Ni content ranged between 24.91 and 28.47 wt%, Co content ranged between 0.41 and 2.04 wt%, and Cu and Zn were undetected.
Secondary Cu-Fe-Ni metal alloys occurred as rims or located along cleavages and fractures of primary sulphides. Awaruite, a Cu-rich metal alloy, and magnetite were observed to be present as secondary phases. Magnetite occurred as narrow filaments, irregular patches either within or along the border of sulphide phases, and sometimes as hosts to awaruite grains (Figure 2 f ) . The compositions of these phases are presented in Table 2 . Awaruite contained ~71 wt% Ni and 26-27 wt% Fe. The Cu-rich metal alloy contained 84-88 wt% Cu, variable Fe (2.93-9.53 wt%), and minor Ni (3.38-3.70 wt%). A low analysis total is attributed to the presence of other elements that were not analysed. Magnetite contained an Fe content of 62.55-65.45 wt%, alongside small amounts of Ni (<0.29 wt%) and Co (~0.1 wt%).
Sulphide phases in peridotites are suggested to originate from immiscible sulphide melts that become trapped during partial melting events in the mantle residues 12 . It has been experimentally shown that the sulphide and silicate liquids are immiscible near 1100C in the FeS-FeOFe 3 O 4 -SiO 2 system 13 . Partial melting of mantle materials that contains ~200-300 ppm sulphur -a commonly accepted value for the subcontinental mantle 14 -would yield a primary silicate melt and an immiscible sulphide melt if the degree of melting (mass fraction) was less than ~25% (ref. 14). As noted above, the studied IndoMyanmar ophiolite peridotite samples experienced <5% partial melting. An 'immiscible sulphide melt' may have therefore segregated and settled to the bottom of the melting zone as a result of its higher density. This may have subsequently been incorporated into residual mantle rocks, with pentlandite in the studied samples having likely crystallized from it during cooling. In general, dihydrogen (H 2,aq ) is released during hydrothermal alteration/serpentinization of ultramafic rocks due to the oxidation of Fe 2+ in primary silicates (via addition of water), producing Fe 3+ in secondary minerals (e.g. magnetite commonly forms during serpentinization) 15 . A high degree of serpentization would thus evolve a significant amount of H 2,aq , and metamorphic conditions would become reducing. Awaruite is able to form in these conditions under an extremely low oxygen fugacity, a low sulphur fugacity, and a temperature exceeding 300C (ref. 16) .
It is commonly believed that pentlandite in ultramafic rocks can desulphurize to form a pure Fe-Ni bearing phase, awaruite and magnetite. This desulphurization process is triggered by the release of H 2,aq during serpentinization. At higher oxygen and sulphur fugacities that may occur due to more intense serpentinization/steatization, awaruite breaks down to millerite and magnetite instead 15 . Experimental study shows that the development of pentlandite + awaruite + magnetite assemblages imply hydrogen concentrations close to (or at) the solubility of dihydrogen in water: between 200C and 300C (ref. 15 ).
In conclusion, we interpret that the studied ultramafic rocks equilibrated in upper mantle at a temperature of 1080-1240C, a pressure of 23-24 kbar and a f O 2 between 0.303 and 0.580 log units above the FMQ buffer. Mineral compositions consistently show that the samples studied are abyssal peridotites that have undergone low degrees of partial melting, with estimated proportions ranging from 1% to 5%. The primary sulphide phase, pentlandite, could have formed by liquid immiscibility during partial melting of the mantle component of the ophiolite. Secondary metallic alloys and magnetite were produced during the serpentization process.
